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electricity in remote Alaskan communities and other remote regions (Denali Commission, 2003) , (Drouhillet & Shirazi, 1997) , (Dawson & Dewan, 1989) , (Wies, et al., 2005a) , (Wies, et al., 2005b) , (Wies, et al., 2005c) , & (Borowy, 1996) . Besides reducing fuel consumption, the use of renewable energy sources has been shown to increase system efficiency and reliability, while reducing emissions (Drouhillet & Shirazi, 1997) , (Dawson & Dewan, 1989) , (Wies, et al., 2005a) , (Wies, et al., 2005b) , (Wies, et al., 2005c) , & (Borowy, 1996) . It has been predicted that by the year 2050, despite the increase in the demand for electric power, the global CO2 level which is the major greenhouse gas would be reduced to 75% of its 1985 level due to the increase in the use of renewable energy sources for energy production (Johansson, et al., 1993) .
This remainder of this chapter presents an economic and environmental model for standalone fossil fuel based micro-grid systems employing renewable energy sources based on an existing diesel-electric power generation systems in remote arctic communities. A simulator called the Hybrid Arctic Remote Power Simulator (HARPSim) was developed using MATLAB  Simulink  to estimate the reduction in fuel consumption of DEGs and the minimization in the cost of producing electricity in remote locations by integrating solar PV and WTGs into the system. HARPSim is used to predict the long-term economic and environmental performance of the system with and without the use of renewable sources in combination with the diesel electric power generation system. A battery bank is also included in the system to serve as a backup and a buffer/storage interface between the DEGs and the variable sources of power from solar PV and wind.
The economic part of the model calculates the fuel consumed, the kilowatt-hours (kWhrs) obtained per liter (gallon) of fuel supplied, and the total cost of fuel. The environmental part of the model calculates the CO 2 , particulate matter (PM), and the NOx emitted to the atmosphere. The Life Cycle Cost (LCC), net present value (NPV), efficiency, and air emissions results of the Simulink  model are compared with those predicted by the Hybrid Optimization Model for Electric Renewables (HOMER) software developed at the National Renewable Energy Laboratory (NREL) (NREL HOMER, 2007) . A sensitivity analysis of fuel cost and investment rate on the COE is also performed to illustrate the impact of rising fuel costs on the long-term system economics.
Distributed generation system
Distributed generation systems like the one described here are currently used in many parts of the world. While this work focuses on modeling a distributed electric power generation system for the remote arctic community in Alaska, the general model can be applied to any distributed generation system containing these components, but can also be extended to include other energy technologies.
General block diagram
A simple block diagram of a standalone distributed (hybrid) power system is shown in Fig.  1 . The sources of electric power in this system consist of a DEG, a battery bank, a WTG, and a PV array. The output of the diesel generator is regulated AC voltage, which supplies the load directly through the main distribution transformer. The connection of the battery bank, the WTG, and the PV array are through a DC bus. The control unit regulates the flow of power to and/or from the sources, depending on the load. The load in the hybrid power system can be an AC load, a DC load, a heating load (resistive load bank), or a hybrid load. 
Sample standalone village power system
The sample standalone distributed (hybrid) electric power system used in this analysis consists of four DEGs rated at 235 kW, 190 kW, 190 kW, and 140 kW. The average electrical load is 95 kW with a minimum of 45 kW and a maximum of 150 kW. One DEG is sufficient to supply the village load. Currently, a PV array and a WTG are not installed in the system. In order to analyze the long-term performance of the system while integrating a PV array, a WTG, and a battery bank, simulations were performed using HARPSim for a PV-dieselbattery system, a wind-diesel-battery system, and a PV-wind-diesel-battery system. The simulation results were compared with those predicted by the HOMER software. The system performance is analyzed by incorporating a 100 kWh absolyte IIP battery bank, a 12 kW PV array, a 65 kW 15/50 AOC WTG, and a 100 kVA bi-directional power converter.
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Simulation model
A general model block diagram for the wind-PV-diesel-battery hybrid power system is shown in Fig. 2 . The model is based on previous work with a PV-diesel-battery system (Wies, et al., 2005a ) & (Wies, et al., 2005b) , and a wind-diesel battery system (Wies, et al., 2005c) . The basic model blocks in Fig. 2 and their subsystems are described in detail in Chapter 2 of (Agrawal, 2006) . The model consists of nine different subsystems contained in blocks. The electrical energy sources in the model include DEGs, subsystems are described in detail in Chapter 2 of (Agrawal, 2006) . The model consists of nine different subsystems contained in blocks. The electrical energy sources in the model include DEGs, WTGs, a PV array, and a battery bank. Currently, the Simulink ® model performs a long term performance analysis including the environmental impact calculations of the hybrid power system under consideration. The different inputs required include the annual load and power factor profile, the annual wind speed for the WTGs, the annual insolation profile for the PV array, the annual ambient air temperature in which the power system is operating, the kW ratings of the generators, and the kW rating of the battery bank.
Some basic information about the DEG, Fuel Consumption, Wind, PV, and Battery subsystem models are provided in the following sections.
DEG and fuel consumption model
The DEG consists of two parts: the electric generator and the diesel engine. The electric generator model consists of the efficiency curve that describes the relationship between the electrical efficiency and the electrical load on the generator. Fig. 3 shows a typical electrical efficiency curve for an electric generator. The fuel curve for a diesel engine describes the amount of fuel consumed depending on the engine load. A typical diesel engine fuel curve is a linear plot of load versus fuel consumption as shown in Fig. 4 . Fig. 2 . PV-wind-diesel-battery hybrid power system model.
A fourth order polynomial fit for the electrical efficiency curve as a function of the generator electrical load 'L gen ' at unity 'η el ' and 0.8 'η e2 ' power factor is used. The actual load on the electric generator is converted to its percentage value by dividing the actual load by the electric generator rating and multiplying by 100. This operation is performed so that the same efficiency equations are independent of the rating of the electric generators. The values for the electrical efficiency η el of the generator and the mechanical load 'L eng ' on the engine for any given power factor 'pf' are determined using linear interpolation as follows: 
where ' c F .
' is the fuel consumption rate in kg/hr (lbs/hr), 'L eng ' is the percentage load on the engine, 'kW_A' is the rating of the electric generator, 'F c ' is the total fuel consumed in kg (lbs), 'dt' is the simulation time-step, and 'T' is the simulation period. The fuel consumed in kg (lbs) is obtained by multiplying the fuel consumption rate of kg/hr (lbs/hr) by the simulation time-step 'dt' (given in hours), and the total fuel consumption in kg (lbs) is obtained by integrating the term ' c F . dt' over the period of the simulation.
When two or more DEGs supply the load, it is important that the DEGs operate optimally. The following steps are performed to find the optimal point of operation for DEG 2.
1. The electrical generator ( Fig. 3 ) and diesel engine (Fig. 4 ) performance curves are used to determine overall fuel consumption for the given load profile. 2. The load on the DEGs is varied from 0 to 100%. 3. The fuel consumption for each DEG is noted at different load points. 4. The point of intersection of the two curves is the optimal point of operation for DEG 2.
Beyond this point DEG 1 is more efficient than DEG 2. 5. If the two curves do not intersect, the optimal point is taken as 0. This situation implies that DEG 1 is efficient throughout the operating range of the load.
Fig . 5 shows the overall fuel consumption curves for the two DEGs and the optimal point of operation for DEG 2. In order to avoid premature mechanical failures, it is important that DEGs operate above a particular load (generally 40% of rated). The long-term operation of DEGs at light loads leads to hydrocarbon built-up in the engine, resulting in high maintenance cost and reduced engine life (Malosh & Johnson, 1985) . If the optimal point is less than 40% load, it is adjusted so that DEG 2 operates at or over 40% load. 
Wind model
The Wind Model block calculates the total power available from the wind turbines based on the power curve. The power curve gives the value of the electrical power based on the wind speed. The wind turbine used in this simulation is the 15/50 Atlantic Orient Corporation (AOC). Fig. 6 shows the power curve for the 15/50 AOC wind turbine generator (AOC, 2007) . This block calculates the power available from the WTGs depending on the speed of wind based on a look-up table (Table 1 ).
The wind model block also calculates the second law efficiency of the WTG. The second law efficiency of the WTG is given as second law actual power max possible power 
where 'η second_law ' is the second law efficiency of the WTG, 'actual_power' is the actual power output from the WTG and 'max_possible_power' is the maximum possible power output from the WTG. The actual power of the wind turbine is obtained from the manufacturer's power curve and the maximum possible power is obtained from the Betz formula described in (Patel, 1999) as
where 'P max ' is the maximum possible power, 'ρ' is the density of air taken as 1.225 kg/m 3 (0.076 lb/ft 3 ) at sea level, 1 atmospheric pressure i.e. 101.325 kPa (14.7 psi), and a temperature of 15.55°C (60°F), 'A' is the rotor swept area in m 2 (ft 2 ), 'V' is the velocity of wind in m/s (miles/hour), and the factor '0.59' is the theoretical maximum value of power coefficient of the rotor (Cp) or theoretical maximum rotor efficiency which is the fraction of the upstream wind power that is captured by the rotor blade. It should be noted from (6) that the wind power varies with the cube of the air velocity. Therefore, a slight change in wind speed results in a large change in the wind power. The air density 'ρ' can be corrected for the site specific temperature and pressure in accordance with the gas law
where 'ρ' is the density of air, 'p' is the air pressure, 'R' is the gas constant, and 'T' is the temperature.
PV model
The PV model block calculates the PV power (kW) and the total PV energy (kWh) supplied by the PV array using the following equations.
PV pv P η *ins*A*PV  
where 'P PV ' is the power obtained from the PV array (kW), 'η pv ' is the efficiency of the solar collector, 'ins' is the solar insolation (kWh/m 2 /day), 'A' is the area of the solar collector/kW, 'PV' is the rating of the PV array (kW), and E PV is the total energy obtained from the PV array.
The efficiency of the solar collector is obtained from the manufacturer. The data sheets for the solar panels manufactured by Siemens and BP are available in Appendix 4 of (Agrawal, 2006) . The solar insolation values are available from the site data or can be obtained by using the solar maps from the National Renewable Energy Laboratory website (NREL GIS Solar Maps, 2007) . The area of the solar collector depends on the number of PV modules and the dimensions of each module. The number of PV modules depends on the installed capacity of the PV array and the dimensions of each PV module are obtained from the manufacturer's data sheet.
Battery model
In the Simulink ® model, the battery bank is modeled so that it acts as a source of power, rather than back-up power. The battery model block controls the flow of power to and from the battery bank. A roundtrip efficiency of 90% is assumed for the battery charge and discharge cycle. The battery model incorporates the effect of ambient temperature as described in (Winsor & Butt, 1978) into the hybrid power system model. Therefore, the model can be used for cold region applications.
The life of the battery bank depends on the depth of discharge and the number of charge discharge cycles. In the Simulink ® model the battery bank is modeled so that it acts as a source of power rather than back-up power. Therefore, the depth of discharge of the battery-bank is assumed between 95% and 20% of the rated capacity. This higher depth of discharge reduces the number of battery operating cycles for the same energy output. It should be noted that the number of battery cycles plays a more significant role in the life of the battery bank.
Fuel consumption and emissions
The Calculate Other Parameters block calculates parameters like the total kWhrs/gallon supplied by the generator, the fuel consumed in lbs, the fuel consumed in gallons, the total cost of fuel in USD, the amount of CO 2 emissions, the amount of particulate matter (PM 10 ) emissions, and the amount of NO x emissions. For example, the kWhrs/gallon supplied by the generator and the total cost of fuel in USD are calculated as 
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where kWhr Gen is the total kWhr supplied by the diesel generator and F C is the total fuel consumed in gallons. The quantity cost/gallon is the cost of fuel (USD) per gallon and varies for different locations.
The total CO 2 emissions were estimated based on the equation for the combustion of diesel fuel. For example, one empirical formula for light diesel C n H 1.8n is given in (Cengel & Boles, 2002) . For this empirical formula, with 0 % excess air the combustion reaction is given as n1 . 8 n 2 2
where n is the number of atoms. For any n, the mass in kg (lb) of CO 2 per unit mass in kg (lb) of fuel = 44/(12 + 1.8) = 3.19. For example, to get the emissions per unit electrical energy output, the above is combined with an engine efficiency of 3.17 kWh/liter (12 kWhr/gallon) and a fuel density of 0.804 kg/liter (6.7 lb/gallon). Doing this results in specific CO 2 emissions of 3.1*(0.804/3.17) = 0.786 kg (1.73 lb) of CO 2 per kWh of electricity which agrees closely with 0.794 kg/kWh (1.75 lb/kWh) obtained from the DEG manufacturer.
The annual CO 2 amount was calculated from the lb CO 2 /kWh and the annual kWh produced and is given as follows:
where kWh Gen is the total kWh supplied by the diesel generator during the simulation period. The corresponding values for PM 10 and NO x emissions can be obtained from the manufacturer using relations similar to (13). Fig. 7 shows the algorithm flow chart for the PV-wind-diesel-battery hybrid power system. In the PV-wind-diesel-battery system, the PV array and the WTGs have the highest priority to supply the load. If the load is not met by the PV array and WTGs, the battery bank is used to supply the required load, and if the battery bank is less than 20% charged, the controller sends a signal to the diesel generator to turn "on" and the diesel generator is then used to supply the desired load and charge the batteries at the same time. On the other hand if there is excess power available from the PV array and WTGs, the excess power is sent to a resistive/dump load which can be used for space heating purposes. It should be noted that there is a high demand for heating load during the long winter months in remote communities of Alaska.
Overall model operation and algorithm flow
Various output parameters from the model include: the second law efficiency of the WTGs (%), the power supplied by the WTGs (kW), the power supplied by the PV array (kW), total fuel consumed in liters (gallons), total fuel cost (USD), total CO 2 emitted (metric tons), total NOx emitted in kg (pounds), and total PM 10 emitted in kg (pounds). These output parameters are used to calculate the life cycle cost (LCC) and net present value (NPV), the cost of electricity (COE), the payback period for the PV array and the WTGs, and the avoided cost of pollutants.
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Simulation cases and results
Simulations were performed for the standalone hybrid power system using the annual load profile for four systems: (i) diesel-battery system, (ii) PV-diesel-battery system, (iii) winddiesel-battery system, and (iv) PV-wind-diesel-battery system.
The following assumptions were used for the Kongiganak Village simulations:
1. Interest rate i = 7%. 2. Fuel cost of 0.80 USD/liter (3.00 USD/gallon). 3. Life cycle period for PV and WTG (n) = 20 years. 4. Life cycle period for diesel-battery system = 5 years. 5. Life cycle period for diesel-battery system when operating with PV and WTG = 5.5 years. Table 2 shows the installation costs (USD) for different components for the hybrid electric power system. The post simulation results obtained from the HARPSim model were compared with those obtained from the HOMER software. Table 3 shows the comparison of results from the HARPSim model with HOMER for the hybrid electric power system. It can be observed from the table that the wind-diesel-battery system is the most cost effective system with the lowest NPV, COE, and payback period. This is because of the high energy available from the WTG. The WTG penetration level is observed as 28%. Due to its location, the solar flux available in this region is low resulting in low energy penetration from the PV array. The payback period of the WTG is obtained a little over a year and the payback period for the PV array and the WTG for the PV-wind-diesel-battery system is obtained as a little over two years. It can also be observed that the NPV of the wind-diesel-battery system using HARPSim is less than HOMER. This is because in HARPSim the battery bank charges and discharges while supplying the load. Therefore, the DEGs operate more efficiently resulting in fuel savings while emitting less pollutant. However, this fuel savings is achieved at the expense of the battery life. Since the wind-diesel-battery system was observed to be the most cost effective system, further work was carried out to study the effect of installing another WTG into the winddiesel-battery system. The addition of a second WTG required an increase in the capacity of the battery bank to accommodate more energy storage. Therefore, the battery bank capacity and the inverter rating were increased from 100 kW and 100 kVA to 200 kW and 200 kVA, respectively. www.intechopen.com Table 4 shows the comparison of results from the HARPSim model with HOMER for the two wind-diesel-battery hybrid power system. It can be observed that the addition of the second WTG into the wind-diesel-battery hybrid power system resulted in the further reduction in the NPV and the COE, while the payback period with the two WTGs increased slightly. The WTG penetration level increases to 50% for this case. The payback period of the WTGs has increased to 1.56 years due to the extra cost involved in the addition of the second WTG. 
Item
Life cycle cost and net present value analysis
The life cycle cost (LCC) is the total cost of the system over the period of its life cycle including the cost of installation, operation, maintenance, replacement, and the fuel cost. The life cycle cost also includes the interest paid on the money borrowed from the bank or other financial institutes to start the project. The life cycle cost of the project can be calculated as follows:
www.intechopen.com where 'LCC' is the life cycle cost, 'C' is the installation cost (capital cost), 'M' is the overhead and maintenance cost, 'E' is the energy cost (fuel cost), 'R' is the replacement and repair costs, and 'S' is the salvage value of the project.
The net present value (NPV) is the money that will be spent in the future discounted to today's money. The NPV plays an important role in deciding the type of the system to be installed. The NPV of a system is used to calculate the total spending on the installation, maintenance, replacement, and fuel cost for the type of system over the life-cycle of the project. Knowing the NPV of different systems, the user can install a system with minimum NPV. The relationships used in the calculation of NPV are given as follows:
and
where 'P' is the present worth, 'F' is the money that will be spent in the future, 'I' is the discount rate, 'N' is the year in which the money will be spent, and 'A' is the annual sum of money. Fig. 11 and Fig. 12 show the LCC analysis of the PV-wind-diesel-battery hybrid power system using HARPSim and HOMER, respectively. It can be seen that in HARPSim, the cost of DEGs is 4% less while the cost of the battery bank is 2% more than in HOMER. This is because in HARPSim, the battery bank acts as a source of power rather than as the backup Fig. 11 . 20-year LCC analysis of the hybrid power system using HARPSim.
www.intechopen.com power source used in HOMER. Therefore, the life of the battery bank is less in HARPSim due to the annual increase in charge/discharge cycles. This results in more efficient operation of the DEGs while reducing the fuel consumption and saving in the cost of the DEGs. Overall, the LCC analysis shows a lower NPV in HARPSim than in HOMER.
Sensitivity analysis: Fuel cost on NPV, cost of energy, and payback period
The plot for sensitivity analysis of fuel costs and investment rate on the NPV for the PVwind-diesel-battery system is shown in Fig. 13 . It can be seen that as the cost of fuel increases and the investment rate decreases, the NPV of the system increases. The NPV plays an important role in deciding on the type of the system to be installed. The NPV of a system includes the total spending on the installation, maintenance, replacement, and fuel cost for the type of system over the life-cycle of the project. Knowing the NPV for different system configurations, the user can install a system with minimum NPV.
The plot for sensitivity analysis of fuel costs and investment rate on the COE for the PVwind-diesel-battery system is shown in Fig. 14 . It can be observed that as the cost of fuel increases and the investment rate increases, the COE increases.
In order to calculate the COE for the diesel-battery (high emissions plant) system and the PV-wind-diesel-battery (low emissions plant) system, it is necessary to know the A/P ratio for the system, where 'A' is the annual payment on a loan whose principal is 'P' at an interest rate 'i' for a given period of 'n' years (Sandia, 1995) .
The ratio A/P is given as follows: 
The annual COE for different systems given a fuel price in USD per liter (4.00 USD per gallon) and an investment rate (%) is calculated as follows: 
where C PV-wind is the cost of the PV-wind-diesel-battery system from Table 2 , C DB is the cost of the diesel-battery system from Table 2 and C F is the annual cost of fuel from Table 3 .
The plot for sensitivity analysis of fuel costs and investment rate on the payback period for the PV-wind-diesel-battery system is shown in Fig. 15 . It can be seen that the payback period of the PV array decreases as a function of a fifth order polynomial with the increase in the cost of fuel.
The simple payback period (SPBT) for the PV array and WTG is calculated using data from Table 2 and Table 3 as Extra cost of PV system SPBT= . rate of saving per year (20) Fig. 13 . Sensitivity analysis of fuel cost and investment rate on the NPV.
www.intechopen.com The extra cost of the PV array and WTG in the system is obtained as the difference between the system cost of the PV-wind-diesel-battery system and the diesel-battery system from Table 2 and the rate of savings per year is obtained from the savings in the cost of fuel per year as given in Table 3 . 
Conclusion
A model called HARPSim was developed in MATLAB  Simulink  to demonstrate that the integration of WTGs and PV arrays into stand-alone hybrid electric power systems using DEGs in remote arctic villages improves the overall performance of the system. Improved performance results from increasing the overall electrical efficiency, while reducing the total fuel consumption of the DEG, the energy costs, and emissions.
The LCC cost analysis and the percentage annualized cost from the Simulink ® model were comparable to those predicted by HOMER. The Simulink ® model calculates the CO 2 , NOx and the PM 10 emitted to the atmosphere over the period of one year. These results can also be utilized to calculate the avoided costs of emissions.
Distributed or hybrid energy systems which result in more economical and efficient generation of electrical energy could not only improve the lifetime and reliability of the diesel-electric generation systems in remote communities, but could also help to extend the future of non-renewable energy sources.
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